Aim: Antioxidant peptide SS-31 is a class of cell-permeable small peptides, which selectively resides on the inner mito¬chondrial membrane and possesses intrinsic mitochondrial protective capacities. In this study we investigated the therapeutic effects of antioxidant peptide SS-31 on transverse aortic constriction (TAC)-induced pulmonary arterial hypertension (PAH) in a murine model. Methods: Adult male mice were divided into 3 groups: sham-operated mice, TAC mice, and TAC+SS-31 mice that underwent TAC surgery and received SS-31 (2 mg/d, ip) for 60 d. The right ventricular systolic blood pressure (RVSBP) was measured on d 60 prior to sacrificing the mice; then their right heart and lung tissues were collected for histological and biochemical examinations. Lung injury scores were defined by the increased crowded area and decreased number of alveolar sacs. Results: TAC mice showed significantly higher RVSBP compared with sham-operated mice, the elevation was substantially suppressed in TAC+SS-31 mice. The same pattern of changes was found in pulmonary levels of oxidative stress proteins (NOX-1/NOX-2/oxidized proteins), cytosolic cytochrome c, biomarkers related to inflammation (MMP-9/TNF-α/iNOS), calcium overload index (TRPC1, 2, 4, 6), apoptosis (mitochondrial BAX, cleaved caspase 3/PARP), fibrosis (Smad3/TGF-β), hypoxic (HIF-1α), DNA damage (γ-H2AX) and endothelial function (eNOS/ET-1R), as well as in lung injury score, number of muscularized vessels in lungs, number of TRPC1 + and HIF-1α + cells in pulmonary artery, and number of γ-H2AX + and Ki-67 + cells in lung parenchyma. An opposite pattern of changes was observed in pulmonary anti-fibrotic markers (Smad1/5, BMP-2), number of small vessels, and number of alveolar sacs. In contrast, the levels of antioxidant proteins (HO-1/NQO-1/GR/GPx) in lung parenchyma were progressively and significantly increased from shamoperated mice, TAC mice to TAC+SS-31 mice. Conclusion: Antioxidant peptide SS-31 administration effectively attenuates TAC-induced PAH in mice.
Introduction
It is well recognized that the late stage of both systolic and diastolic left ventricular failure frequently causes pulmonary edema, pulmonary hypertension, and right-sided heart failure regardless of the etiology [1] [2] [3] [4] [5] . Therefore, advanced left-sided and right-sided heart failure (HF) are actually two sides of the same coin in pathophysiology. Abundant data have shown that patients with advanced HF are frequently re-admitted due to recurrent HF [1] [2] [3] , which results in major health care
www.nature.com/aps Lu HI et al Acta Pharmacologica Sinica npg expenses worldwide [6, 7] . In addition, although the etiology and mechanisms of HF have been extensively investigated and various therapeutic strategies have been developed [8] [9] [10] , the morbidity and mortality of patients with advanced HF are still extremely high [1] [2] [3] [6] [7] [8] . Accordingly, the development of novel therapeutic options is of the utmost importance for scientists conducting basic research and especially for physicians who are the first-line managers of these patients.
Reactive oxygen species (ROS) generation and mitochondrial dysfunction caused by oxidative injury, which are two important contributors to apoptosis or necrosis [11] [12] [13] , are implicated in the pathophysiology of HF [11, 14, 15] . Moreover, mitochondrial oxidative damage promotes mitochondrial cytochrome c release [16] and cessation of ATP production. These could explain the markedly impaired diastolic or systolic heart function of both right and left ventricles in patients with advanced HF.
Because mitochondria are known to be both the source and target of ROS [13] , a number of previous studies have explored the possibility of mitochondria-targeted therapeutic approaches for the treatment of different diseases [12, 13, [16] [17] [18] [19] . Antioxidant peptide SS-31, which is a novel class of cell-permeable small peptides, selectively resides on the inner mitochondrial membrane and possesses intrinsic mitochondrial protective capacities [17, 18, 20] . Moreover, previous experimental studies have shown that SS-31 can scavenge ROS, reduce mitochondrial ROS production, and inhibit mitochondrial permeability transition [16] [17] [18] 20] . Additionally, SS-31 has been shown to be potent in preventing the cell apoptosis and necrosis induced by oxidative stress or inhibition of the mitochondrial electron transport chain, especially in animal models of acute ischemia-reperfusion injury [16] [17] [18] 20] . Surprisingly, while the therapeutic role of peptide SS-31 in acute heart ischemiareperfusion injury and hypertensive cardiomyopathy has been reported [17, 19] , the potential of this drug in treating left-sided heart failure-induced pulmonary arterial hypertension (PAH) has not been explored. Accordingly, this study aims to investigate the therapeutic potential of peptide SS-31, a mitochondrial targeted antioxidant, for the treatment of TAC-induced PAH by utilizing animal models. 
Materials and methods

Ethics
Animal grouping
Pathogen-free adult male C57BL/6 (B6) mice (n=36), weighing 22-25 gm, (Charles River Technology, BioLASCO Taiwan Co, Ltd, Taiwan), were randomized and equally categorized into sham control (SC) (receiving thoracotomy only), transverse aortic constriction (TAC only), and TAC+SS-31 (2 mg intraperitoneal injection/day for total 60 days) groups, respectively. The dosage of 2 mg intraperitoneal injection/day for the animals was based on a previous report [18] with minimal modification.
Four lung specimens of these animals from each group were collected for determination of the number of alveolar sacs and crowded score, while the remaining eight lung specimens were used for other individual studies. Additionally, four RV specimens of these animals were collected for determination of fibrotic area and collagen deposition area, and the remainders were used for RT-PCR and determination of brain natriuretic peptide (BNP) protein expression.
Procedure of transverse aortic constriction
The mice were anesthetized by inhalation of 2.0% isoflurane. Atropine 0.05 mg/kg was administered subcutaneously. A core body temperature of approximately 37°C was maintained during surgery by continuous monitoring with a rectal thermometer and automatic heating blanket. The mice were endotracheally intubated with positive-pressure ventilation using 100% oxygen with a tidal volume of 250 µL at a rate of 120 breaths per minute using a Small Animal Ventilator (SAR-830/A, CWE, Inc, USA). After opening the chest wall via an upper sternotomy, the aorta was carefully identified. A 25# needle was placed on the aorta, on which a 7-0 prolene ligation was placed between the right and left common carotid arteries. The needle was then carefully removed, and the aortic constriction was created. After the procedure, the wound was closed, and the animal was allowed to recover from anesthesia in a portable animal intensive care unit (ThermoCare ® ) for 24 h.
Hemodynamic studies and specimen preparation
The procedure and protocol were based on our previous report [21] . In detail, on day 60 after TAC induction, the mice were anesthetized by inhalation of 2.0% isoflurane. Each animal was endotracheally intubated with positive-pressure ventilation using 100% oxygen with a tidal volume of 250 µL at a rate of 120 breaths per minute using a Small Animal Ventilator (SAR-830/A, CWE, Inc, USA). The heart was exposed by left thoracotomy. A sterile 20-gauge, soft plastic needle was inserted into the right ventricle and femoral artery of each mouse to measure the right ventricular systolic blood pressure (RVSBP). The pressure signals were first transmitted to pressure transducers (UFI, model 1050, CA, USA) and then exported to a bridge amplifier (ML866 PowerLab 4/30 Data Acquisition Systems, ADInstruments Pty Ltd, Castle Hill, NSW, Australia) where the signals were amplified and digitized. The data were recorded and later analyzed using Labchart software (ADInstruments). After hemodynamic measurements were taken, the mice were euthanized, and the right hearts and lungs were harvested.
Pilot study for assessing TAC-induced pulmonary arterial hypertension To elucidate whether the PAH animal model was successfully www.chinaphar.com Lu HI et al Acta Pharmacologica Sinica npg created by the TAC procedure, an additional ten mice were equally utilized as SC and TAC only. On day 60, the RVSBP, an index of pulmonary arterial systolic blood pressure (PABP), was measured in these animals. The results showed that the RVSBP and the total heart weight were remarkably increased in the TAC group compared with the SC group (Figure 1) . Additionally, the gross anatomy showed that the heart size was notably larger in the TAC group than in the SC group ( Figure 1) . These findings showed that the TAC-induced PAH was successfully created.
Western blot analysis of lung and heart tissue The procedure and protocol for Western blot analysis were based on our recent reports [21] [22] [23] . Briefly, equal amounts (50 
Oxidative stress reaction in lung parenchyma
The procedure and protocol for assessing the expression of proteins associated with oxidative stress have previously been described in detail in our previous reports [21] [22] [23] . The Oxyblot Oxidized Protein Detection Kit was purchased from Chemicon (S7150). DNPH derivatization was carried out on 6 μg of protein for 15 min according to the manufacturer's instructions. One-dimensional electrophoresis was carried out on 12% SDS/polyacrylamide gel after DNPH derivatization. Proteins were transferred to nitrocellulose membranes, which were then incubated in the primary antibody solution (anti-DNP 1: 150) for 2 h, followed by incubation in the secondary antibody solution (1:300) for 1 h at room temperature. The washing procedure was repeated eight times within 40 minutes. Immunoreactive bands were visualized by enhanced chemiluminescence (ECL; Amersham Biosciences) and exposure to Biomax L film (Kodak). For quantification, ECL signals were digitized using Labwork software (UVP). For OxyBlot protein analysis, a standard control was loaded on each gel.
Immunofluorescence (IF) staining
IF staining was performed for the examination of γ-H2AX + , TRPC1 + Ki-67 + HIF-1α + cells and troponin-I in LV myocardium using the respective primary antibodies based on our recent study [21] [22] [23] . Irrelevant antibodies were used as controls in the current study.
Vessel density and arterial muscularization in lung parenchyma
The procedure and protocol for assessing the number of small vessels were described in detail in our previous reports [22, 24] . IHC staining of small blood vessels was performed with α-SMA (1:400) as a primary antibody at room temperature for 1 h, followed by washing with PBS three times. Ten minutes after the addition of anti-mouse HRP-conjugated secondary antibody, the tissue sections were washed with PBS three times. Then, 3,3'-diaminobenzidine (DAB) (0.7 mg/tablet) (Sigma) was added, followed by washing with PBS three times after one minute. Finally, hematoxylin was added as a counter-stain for nuclei, followed by washing twice with PBS after one minute. Three heart sections were analyzed from each mouse. For quantification, three randomly selected high power fields (HPFs) (×200) were analyzed in each section. The mean number per HPF for each animal was then determined by summation of all of the numbers divided by 9.
Muscularization of the arterial medial layer (ie, an index of vascular remodeling) in lung parenchyma was defined as a mean thickness of the vessel wall greater than 50% of the luminal diameter in a vessel of diameter > 50 µm. Measurement of arteriolar diameter and wall thickness was achieved using ImageJ software (NIH, Maryland, USA).
Real-time quantitative PCR analysis of RV myocardium
Real-time polymerase chain reaction (PCR) was conducted using LightCycler TaqMan Master (Roche) in a single capillary tube according to the manufacturer's guidelines regarding the concentrations of individual components. Forward and reverse primers were each designed in a different exon of the target gene sequence, eliminating the possibility of amplifying genomic DNA. A positive result was determined by identifying the threshold cycle value at which reporter dye emission appeared above background. If fluorescence signal was not detected within 33 cycles, the sample was considered negative.
Assessment of the distribution of alveolar Sacs and crowded score in lung parenchyma by immunohistochemical (IHC) staining The procedure and protocol for determination of the number of alveolar sacs were based on our previous report [22] . In detail, three lung sections from each mouse were analyzed and three randomly selected HPFs (×100) were examined in each section. The number of alveolar sacs was recorded for each animal. The mean number per HPF for each animal was then determined by summation of all of the numbers divided by 9. The percentage of crowded area (defined as septal thickness associated with partial or complete collapse of alveoli) in lung www.chinaphar.com Lu HI et al Acta Pharmacologica Sinica npg parenchyma was determined using H & E staining in a blind fashion and scored as follows: 0 = no detectable crowded area; 1= <15% of crowded area; 2 = 15%-25% of crowded area; 3 = 25%-50% of crowded area; 4 = 50%-75% of crowded area; 5= >75%-100% of crowded area/per high-power field (×100).
Histological quantification of myocardial fibrosis and collagen deposition in RV The procedure and protocol were described in detail in our previous report [25] . In detail, Masson's trichrome staining was used for identifying the fibrosis of RV myocardium. Three 4-µm-thick serial sections from the same levels of the RV myocardium from each animal were prepared using a Cryostat (Leica CM3050S). The integrated area (µm 2 ) of infarct area and fibrosis on each section were calculated using the Image Tool 3 (IT3) image analysis software (University of Texas, Health Science Center, San Antonio, UTHSCSA; Image Tool for Windows, Version 3.0, USA). Three randomly selected highpower fields (HPFs) (×100) were analyzed in each section. After determining the number of pixels in each infarct and the fibrotic area per HPF, the numbers of pixels obtained from three HPFs were summated. The procedure was repeated in two other sections for each animal. The mean pixel number per HPF for each animal was then determined by summating all pixel numbers and dividing by 9. The mean integrated area (µm 2 ) of fibrosis in RV myocardium per HPF was obtained using a conversion factor of 19.24 (1 µm 2 represented 19.24 pixels).
To analyze the extent of collagen synthesis and deposition, cardiac paraffin sections (6 µm) were stained with picrosirius red (1% Sirius red in saturated picric acid solution) for one hour at room temperature using standard methods. The sections were then washed twice with 0.5% acetic acid. The water was physically removed from the slides by vigorous shaking. After dehydration in 100% ethanol three times, the sections were cleaned with xylene and mounted in a resinous medium. High power fields (×100) of each section were used to identify the Sirius red-positive area on each section. Analyses of collagen deposition area in RV myocardium were identical to the description for the calculations of the infarct and fibrotic areas.
Statistical analysis
Quantitative data are expressed as the mean±SD. Statistical analysis was adequately performed by ANOVA followed by Bonferroni multiple-comparison post hoc test. SAS statistical software for Windows version 8.2 (SAS institute, Cary, NC) was utilized. A probability value <0.05 was considered statistically significant.
Results
Pilot study results of anatomical, pathological, and hemodynamic findings on day 60 after the TAC procedure To determine whether TAC was able to induce PAH through cardiac hypertrophy (ie, an outcome of passive PAH), right ventricular hemodynamic measurements (ie, an indicator of pulmonary artery blood pressure), blood flow velocity of the ascending aorta, total heart weight and gross anatomic features of the heart were analyzed. On day 60 after the TAC procedure, the peak systolic velocity of blood flow in the aorta (ie, a reflection of the pressure gradient between the left ventricle and the aorta) was notably increased in the TAC group compared with the sham-operated controls (SC) (Figure 1) . Additionally, RVSBP was substantially elevated in the TAC group compared with RVSBP in the SC group (Figure 1) . Furthermore, the size and total heart weight were significantly increased in the TAC group compared with those in the SC group (Figure 1) . These findings suggest the successful creation of an experimental model of hypertensive cardiomyopathy with PAH.
Gene and protein expression levels as well as hemodynamic and histopathological findings of the right ventricle on day 60 after the TAC procedure On day 60 after TAC, the changes in gene expression levels of NOX-1 and NOX-2 (ie, two indicators of ROS generation) as well as TNF-α, MMP-9, and inducible nitric oxide synthase (iNOS) (ie, three biomarkers of inflammation) were significantly higher in the TAC group than in the SC group (Figure 2 ). Cardiac hypertrophy is characterized by a switch from α-to β-myosin heavy chain (MHC) mRNA expression (ie, reactivation of the fetal gene program). In the current study, mRNA expression of β-MHC in RV was significantly higher in the TAC group than in the SC group, whereas α-MHC in RV showed a reverse pattern between the two groups ( Figure 2) . Moreover, the protein expression levels of BNP (ie, an indicator of pressure or volume overload) showed an identical pattern of ROS between the two groups ( Figure 2) . Again, these parameters were significantly reversed in TAC animals with SS-31 treatment.
Masson's trichrome staining showed that the RV fibrotic area was significantly increased in TAC group compared with that of the SC group (Figure 3) . Consistently, Sirius red staining revealed that the RV collagen deposition area showed an identical pattern of fibrosis in these two groups (Figure 3 ). These two parameters were significantly reversed in TAC animals with SS-31 treatment.
The protein expression of cytosolic cytochrome c of the right ventricle, an indicator of mitochondrial damage, was significantly higher in the TAC group than in the SC and TAC+ SS-31 groups and was significantly higher in the TAC+SS-31 group than in the SC group. On the other hand, the total protein expression of mitochondrial cytochrome c, an indicator of mitochondrial integrity, showed an opposite pattern of cytosolic cytochrome c among the three groups.
Histopathological changes in lung parenchyma on day 60 after the TAC procedure IHC staining demonstrated a significantly reduced number of small vessels (ie, <15 µm in diameter) and number of alveolar sacs in animals with TAC compared to those without ( Figure  4) . On the other hand, the differences in crowded score and the number of muscularized pulmonary arterioles between the TAC and SC animals showed an opposite pattern compared to that of the number of alveolar sacs (Figure 4) . Additionally, the pattern of immunofluorescent expression of TRPC1 + cells (ie, an index of hypoxia-inducible biomarker related to smooth muscle proliferation) and Ki-67 + cells [for quantifying SMC proliferation in the medial layer of large pulmonary artery (PA)] in pulmonary arteriolar smooth muscle ( Figure  5 ) and HIF-1α + (ie, another hypoxia-inducible biomarker) and γ-H2AX + cells (ie, a DNA damage indicator) ( Figure 6 ) in lung parenchyma were identical to that of the number of alveolar sacs in the two groups of animals. Importantly, the expression levels of all of the biomarkers were reversed in TAC animals after SS-31 treatment.
Changes in protein expression levels in lung parenchyma on day 60 after the TAC procedure The protein expression levels of NOX-1 and NOX-2, oxidative stress, ET-1R, γ-H2AX (Figure 7) , cytosolic cytochrome c, HIF-1α, TRPC1, TRPC4, and TRPC6 ( Figure 8) were significantly higher in TAC animals than those in SC animals and in TAC animals with SS-31 treatment. The levels of these proteins were significantly higher in TAC animals that received SS-31 treatment compared to SC animals, whereas mitochondrial cytochrome c showed a reverse pattern among the three groups of animals ( Figure 8) .
The protein expression levels of inflammatory (ie, TNF-α, NF-κB, and MMP-9), apoptotic (ie, mitochondrial Bax, cleaved caspase 3, and PARP) and fibrotic (ie, Smad3 and TGF-β) biomarkers were significantly higher in TAC animals than in SC animals and were significantly lower in TAC animals after SS-31 treatment (Figure 9 ). On the other hand, protein expression levels of anti-fibrotic (Smad1/5, BMP-2), anti-inflammatory (Bcl-2) and endothelial function (eNOS) biomarkers showed an opposite pattern compared to that of the inflammatory biomarkers among the three groups ( Figure  10) . Furthermore, the protein expression levels of antioxidants (HO-1, NQO 1, GR, and GPx) were significantly increased in TAC animals and were further significantly increased in TAC animals that received SS-31 treatment compared with SC animals ( Figure 10 ).
Discussion
This study, which investigated the therapeutic impact of antioxidant peptide SS-31 on TAC-induced PAH in a murine model, yielded several striking findings. First, this study confirms that the TAC procedure was able to induce PAH that was remarkably suppressed by treatment with SS-31. Second, not only was the effectiveness of the treatment reflected in the improvement in hemodynamic status (ie, the reduction of RVSBP, an index of pulmonary arterial blood pressure) but it was also demonstrated in the anatomical and histopathological findings (ie, the reduction of total heart weight and the preservation of the architecture of the lung parenchyma and the right ventricle). The results of this study suggest that the observed therapeutic action mainly occurred through inhibition of the production of ROS, oxidative stress, inflammation, fibrosis, apoptosis, and mitochondrial damage.
SS-31 preserved the architectures of the lung parenchyma and the right ventricle and ameliorated TAC-induced PAH Intriguingly, while several experimental studies have reported that mitochondrial-targeted compounds, including SS-31, protected the heart from ischemia-reperfusion injury and reactive hypertrophic cardiomyopathy [16, [18] [19] [20] , there were no data to address whether mitochondrial-targeted peptide could also protect the right ventricle and lung parenchyma from passive PAH-induced damage. The most important finding in the present study was the remarkable TAC-induced eleva-www.nature.com/aps Lu HI et al Acta Pharmacologica Sinica npg tion in RVSBP (ie, a reflection of pulmonary arterial systolic blood pressure) that was notably reduced after SS-31 treatment. Moreover, the microscopic architectural integrity of the lung parenchyma (ie, crowded score and the number of alveolar sacs) and the right ventricle (ie, fibrotic area and collagen deposition) was notably preserved in TAC animals after SS-31 treatment. Moreover, the results of analyses at the protein (ie, reduced BNP) and gene (ie, reduced expression levels of β-MHC, suppressed generation of ROS and inflammation biomarkers, and preserved α-MHC) levels also support the protective effects of SS-31 on RV in the present experimental setting of PAH. Importantly, in addition to extending the findings of previous studies that SS-31 protected the heart from ischemia-reperfusion injury and reactive hypertrophic cardiomyopathy [16, [18] [19] [20] , the previously unreported results of the present study further highlight the possibility that SS-31 may be a useful accessory agent in the clinical treatment of patients with PAH in the near future, especially for patients with left-sided heart failure-induced PAH.
Mechanisms underlying alleviation of TAC-induced PAH and lung parenchymal damage after SS-31 treatment An essential finding of the current study was the notable increase in the number of HIF-1α + cells in lung parenchyma in TAC animals compared with those in sham-operated controls. Additionally, the numbers of TRPC1 + cells and Ki-67 + cells in PA were substantially higher in TAC animals than those in sham-operated controls. Furthermore, the protein expression levels of HIF-α and TRPCs (1, 2, 4 and 6) of lung tissues were also markedly upregulated in TAC animals compared with sham-operated controls. Interestingly, previous [26] and recent [27] studies have demonstrated that TRPC1 and TRPC6 play a particularly crucial role in regulating smooth muscle cell contraction and proliferation in the murine model of hypoxia-induced PAH. Additionally, antigen Ki-67 is a nuclear protein that has been identified to be necessary for cellular proliferation [28] . Furthermore, the expression of HIF-α in PA has been shown to be strongly associated with hypoxicinduced PAH [27] . Accordingly, our findings, in addition to reinforcing the findings of those studies [26] [27] [28] , could, at least in part, explain the mechanisms involved in TAC-induced passive PAH. Importantly, these parameters were substantially attenuated in TAC animals after receiving SS-31 treatment.
Another essential finding of the present study was that the number of muscularized PA was notably increased, whereas the number of small vessels in lung parenchyma were notably reduced in TAC animals compared with those of sham-operated controls. Additionally, the protein expression of ET-R1 in the lung was significantly increased, whereas the protein expression of eNOS in the lung was notably reduced in TAC animals compared with those of sham-operated controls. Undoubtedly, an increase in the thickness of the PA smooth muscle layer and endothelin receptor 1 and a decrease in small vessel density and endothelial function in lung parenchyma are strongly associated with an increase in PASBP. Our findings once again explained why TAC induced PAH in the current study. Consistently, our previous studies have shown a significant increase in the number of muscularized PA and a notable decrease in the number of small vessels in lung parenchyma in monocrotaline-induced PAH in rats [21, 27, 29] . In this way, our findings not only corroborate those of the previous studies [21, 27, 29] but also illustrate the positive therapeutic impact of SS-31 and the possible mechanisms by which it acts in the present experimental setting.
A principal finding of the current study is the significantly augmented DNA damage (ie, γ-H2AX + cells); the increase in protein expression levels of fibrotic (Smad3 and TGF-β), apoptotic (mitochondrial Bax, cleaved caspase 3 and PARP) and energy exhausted (cytosolic cytochrome c) biomarkers, and the remarkable reduction in the expression levels of anti-fibrotic (Smad1/5 and BMP-2) and energy preservative (mitochondrial cytochrome c) biomarkers in TAC animals compared to those in sham-operated controls. In concert with the results of the present investigation, our previous studies [21, 27, 29] have also npg revealed marked elevations of these biomarkers in animals with monocrotaline-induced PAH. The substantial reversal of expression levels of these parameters after SS-31 treatment further suggests the suppression of these pathological processes in reinforcing the observed therapeutic effects in a murine model of PAH.
Another principal finding of the present study is the significantly progressively increased antioxidants (HO-1, NQO-1, GR and GPx) from sham-operated controls to TAC animals with SS-31 treatment. We propose that the observation that these parameters were significantly higher in TAC animals than in sham-operated controls could be an effect of the cells response to stress stimulation. Intriguingly, a previous study has also found that antioxidant biomarkers were markedly increased in lung parenchyma in response to acute ischemiareperfusion injury [24] . In this way, our finding was consistent with the finding of the previous study [24] . Additionally, SS-31 has also been found to have antioxidant abilities alongside its intrinsic mitochondrial protective capacities [17, 18, 20] . Therefore, our finding of a further significant increase in the antioxidants in TAC animals after receiving SS-31 treatment, in addition to strengthening the finding of the previous study [24] , could explain why cell death was remarkably reduced in animals after receiving SS-31 treatment.
Study limitations
This study has some limitations. First, because this study was designed to create only a moderate LV pressure overload to maximize animal survival for the purpose of following the progression of hypertrophic cardiomyopathy, the effect of SS-31 on animal survival under acute severe LV pressure overload was not investigated. Second, information regarding the long-term (ie, over 3 months) therapeutic effect of SS-31 against hypertrophic cardiomyopathy and on survival was npg not provided by the present study. Third, because left-sided heart failure-induced PAH caused lung parenchymal injuries through multiple signaling pathways, the results of the present study could not identify the most important pathway.
In conclusion, the results of this study show that the antioxidant peptide SS-31 markedly attenuated TAC-induced PAH as well as lung parenchymal and RV damage. These findings may warrant further investigation into the possible clinical application of this agent, particularly in patients who are refractory to current treatment strategies. 
